With the aim of finding efficient solutions for cross flow turbine (CFT) bi-directional diffusers able to harvest non perfectly rectilinear tidal currents, a 2D CFD analysis of ducted CFTs was carried out with focus on the effects of diffuser shape and yaw angle. The HARVEST hydrofoil shaped diffuser, equipped with a pair of counter-rotating turbines, and a bi-directional symmetrical diffuser were compared in terms of coefficient of power (C P ), torque ripple, overall thrust on diffuser and wake characteristics. Slightly better C P were predicted for the symmetrical diffuser, due to the convergent walls that address the flow towards the blade with a greater attack angle during early and late upwind and to the viscous interactions between the turbine wakes and strong vortices shed by the diffuser. A C P 's extraordinary improving resulted when yaw increased up to 22.5 • for the hydrofoil shaped and up to 30 • for the symmetrical diffuser. Similar behaviour in yawed flows also occurred in case of a ducted single rotor, demonstrating that it is a characteristic of CFTs. The insertion of a straight throat in the diffuser design proved to be an effective way to mitigate torque ripple, but a C P loss is expected.
Introduction
Offshore wind, tidal and waves energies are (in the order) economically and technically feasible ways of producing renewable energy and meet our sustainability targets. Tidal currents energy is characterised by predictability and low visual impact of the energy converters, and is considered one of the most favourable renewable resources in Europe. Horizontal axis or cross flow turbines (CFTs), also known as vertical axis turbines, can be employed. The main reasons for choosing a CFT are construction simplicity, low cost and the ability to work independently of flow direction. Floating platforms provide additional advantages: the generator and gearbox are set above the sea level, and higher currents can be harvested. Furthermore, the platform motion would negligibly affect power output, as CFTs exhibit good performance in skewed flow [1] [2] [3] . On the other hand, CFTs suffer of low starting-torque and lower efficiency respect to horizontal axis turbines, thus it is of great interest to find technologies to increase the production of a turbine having a certain cross-sectional area.
The cheapest way to increase the energy production is placing pairs of counter-rotating CFTs in close proximity, as proved by the experimental texts documented in [4] [5] [6] . A much more efficient solution to improve the power extraction of tidal, river or small wind generators is the diffuser, namely a device capable of increasing the local flow velocity at the turbine location. The effectiveness of diffuser augmented turbines has been investigated by several reputed authors [7] [8] [9] [10] [11] [12] , but its technical and economic feasibility is still debatable [13] . So far most of the studies in the literature concern It must be pointed out that a bi-directional flow augmentation system would also need a symmetrical separation wall. However, since the design of an efficient wall would require an accurate and demanding analysis whereas the present investigation is focused on the effects of the main parts of the diffuser, for the time being we prefer to maintain the original separation wall of the HARVEST concept. The turbine diameter (D) is 0.25LT, where LT is the characteristic length of the turbine, i.e. the distance between the trailing edges of the diffuser wings. The distance between the rotor axes is 1.18D, and the gap between the turbine blades and the diffuser walls is 0.095D. We adopted the same 3-bladed H-Darrieus water turbine (D = 1.0 m) which behaviour, in single, double-rotor and three-rotor configurations, has been analysed in depth in previous works [32, 33] . The advantage of this choice is twofold, in fact on one hand it allows one to recognize similarities with physical mechanisms that have already been investigated in case studies without diffuser, facilitating the identification of the essential mechanisms that govern the performance of CTFs. On the other hand, the model validation and the sensitivity analyses don't need to be repeated. The shape of the blade section is obtained by warping the NACA0018 profile such that the camber line matches the circular blade path. It is useful to clarify that this is the only difference respect to [30] , where a symmetrical NACA0018 was adopted. The hydrofoil chord (c) is 0.183 m, therefore the solidity (σ) expressed as:
is 0.175. These blade profile and solidity values are rather usual in tidal turbine studies.
Since the flow accelerating property of the bi-directional diffuser could result deteriorated by some reduction of the lift effect with respect to the original hydrofoil shaped diffuser, the first aim of the current study was to verify the performance of the new diffuser in comparison to that of the original diffuser. For this purpose, not only the power output but also the torque ripple and the overall loading on the diffuser are analysed. Since it is very unlikely that the tidal currents are perfectly rectilinear, this is done for a range of flow yaw angles. The second aim was to contribute to improve the understanding of the physics of ducted CFTs, by verifying if the findings achieved for It must be pointed out that a bi-directional flow augmentation system would also need a symmetrical separation wall. However, since the design of an efficient wall would require an accurate and demanding analysis whereas the present investigation is focused on the effects of the main parts of the diffuser, for the time being we prefer to maintain the original separation wall of the HARVEST concept. The turbine diameter (D) is 0.25L T , where L T is the characteristic length of the turbine, i.e., the distance between the trailing edges of the diffuser wings. The distance between the rotor axes is 1.18D, and the gap between the turbine blades and the diffuser walls is 0.095D. We adopted the same 3-bladed H-Darrieus water turbine (D = 1.0 m) which behaviour, in single, double-rotor and three-rotor configurations, has been analysed in depth in previous works [32, 33] . The advantage of this choice is twofold, in fact on one hand it allows one to recognize similarities with physical mechanisms that have already been investigated in case studies without diffuser, facilitating the identification of the essential mechanisms that govern the performance of CTFs. On the other hand, the model validation and the sensitivity analyses don't need to be repeated. The shape of the blade section is obtained by warping the NACA0018 profile such that the camber line matches the circular blade path. It is useful to clarify that this is the only difference respect to [30] , where a symmetrical NACA0018 was adopted. The hydrofoil chord (c) is 0.183 m, therefore the solidity (σ) expressed as:
Since the flow accelerating property of the bi-directional diffuser could result deteriorated by some reduction of the lift effect with respect to the original hydrofoil shaped diffuser, the first aim of the current study was to verify the performance of the new diffuser in comparison to that of the original diffuser. For this purpose, not only the power output but also the torque ripple and the overall loading on the diffuser are analysed. Since it is very unlikely that the tidal currents are perfectly rectilinear, this is done for a range of flow yaw angles. The second aim was to contribute to improve the understanding of the physics of ducted CFTs, by verifying if the findings achieved for double-rotor are valid in general or just for counter-rotating closely spaced turbines. For this purpose, the behaviour of a large single turbine positioned inside the same symmetrical diffuser (named A diffuser) is explored as a function of the flow yaw angle. The diameter of this "equivalent turbine" is D* = 2.15D. Moreover, the behaviour of two longer symmetrical diffusers (named B and C) is analysed, their geometries are shown in Figure 2 . In B the extra-length is obtained by adding a rectilinear through, whereas in C it is obtained by decreasing the open angle (β). It should be observed that B and C diffusers allow a distance (L) between the diffuser inlet and the blade path that is the same experimented by the blades of the turbine pair. This condition was sought in order to ensure an equal capacity of the diffuser to collect the flow, redirecting it towards the turbine in case of yaw conditions.
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Figure 2.
Geometrical differences between the bi-directional A, B and C diffusers adopted for the single equivalent turbine.
Model Set-Up and Validation
This section specifies the CFD model set-up. For the validation of the overall numerical model the reader is addressed to a recent study, in which 2D and 3D CFD results were compared to experimental data available in literature. An exhaustive sensitivity analysis of the domain dimensions can also be found in the same study, thus it has not been repeated, whereas a new convergence study is now presented since in case of ducted turbines much more revolutions need to be simulated.
Grids and Solution Method
The numerical simulations are performed using the commercial software ANSYS Fluent v15. The k-ω SST (Shear Stress Transport) model that is widely used in the simulation of wind or tidal CTFs [34] [35] [36] [37] [38] is adopted to model the turbulence. The k-ɷ model of Menter [39, 40] is well appropriate in case of flows characterized by strong adverse pressure as those involved by CFTs particularly when operating at low Tip Speed Ratio (TSR), expressed as:
The SST formulation is a variant of the standard k-ɷ model, combining the original Wilcox k-ɷ model [41] near the walls and the standard k-ε model away from walls using a blending function, and the eddy viscosity formulation to account for the transport of the principle turbulent shear stress. The SST formulation switches to a k-ε behaviour in the free-stream avoiding the problem of the high sensitivity of k-ɷ to the inlet free-stream turbulence properties [34] .
Unstructured grids have been made with ANSYS-Icem (v.15); all-quad elements have been generated by means of the "patch-dependent" technique. Around blades and in the near wake regions, where flow details must be accurately described, the grid is refined, whereas it becomes progressively coarser far from the turbine. This approach leads to overall grid sizes that are in the range from 220.000 (single bare turbine) to 460.000 cells (ducted paired turbines). Two different grid levels are used to simulate the blade rotation via the sliding mesh method: a fixed sub-grid with the 
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to the inlet free-stream turbulence properties [34] . Unstructured grids have been made with ANSYS-Icem (v.15); all-quad elements have been generated by means of the "patch-dependent" technique. Around blades and in the near wake regions, where flow details must be accurately described, the grid is refined, whereas it becomes progressively coarser far from the turbine. This approach leads to overall grid sizes that are in the range from 220.000 (single bare turbine) to 460.000 cells (ducted paired turbines). Two different grid levels are used to simulate the blade rotation via the sliding mesh method: a fixed sub-grid with the outer dimensions of the flow domain and a rotating sub-grid consisting of 125.000 cells for each turbine in relative motion with respect to the fixed sub-grid. The cell distribution in the turbine and near wake regions, with details at the walls (diffuser, blade, wall between the rotors) can be seen in Figure 3 . The "interface" boundary condition is set for the cell edges (evidenced in pink in Figure 3 ) lying between rotating and fixed grids. 400 cells are set on each blade, besides 30 layers of regular quad elements are adjoined normally to the blade to describe the boundary layer; the height of the first layer of cells is chosen to maintain y+ sufficiently low to describe flow separation. Maître et al. [34] analysed the effect of y+ realizing that averaged y+ > 1 causes a pressure drag overestimation in turbines exposed to significant flow separation, as usually happens for high solidity hydrokinetic turbines. Bachant and Wosnik [42] carried out an experimental and numerical study concerning a high solidity CFT in a tow tank to investigate the near wake behaviour through 2D and 3D CFD, using the kbetween the bi-directional A, B and C diffusers adopted for the odel set-up. For the validation of the overall numerical model study, in which 2D and 3D CFD results were compared to erature. An exhaustive sensitivity analysis of the domain e same study, thus it has not been repeated, whereas a new since in case of ducted turbines much more revolutions need to performed using the commercial software ANSYS Fluent v15. t) model that is widely used in the simulation of wind or tidal turbulence. The k-ɷ model of Menter [39, 40] is well appropriate rong adverse pressure as those involved by CFTs particularly tio (TSR), expressed as:
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The algorithm for the velocity-pressure coupling is Pressure-Implicit with Splitting of Operators (PISO). About the spatial discretization scheme, the Least Squares Cell-Based (LSCB) is set for gradient; the pressure interpolation scheme is PREssure STaggering Option (PRESTO!); momentum, turbulent kinetic energy (k) and specific dissipation rate (ω) formulations are based on second order schemes. Temporal discretization is also based on a second order implicit method. The convergence criteria for each time-step is 1 × 10 −4 for the residuals of continuity, velocity components, turbulence kinetic energy and specific dissipation rate. The maximum number of iterations is 200, however in 40÷50 iterations the continuity falls below 1 × 10 −4 and in the meanwhile the k and ω residuals usually falls below 1 × 10 −8 and 1 × 10 −5 , respectively. When using a sliding mesh, to obtain a satisfactory numeric convergence the time-step should not be larger than the time required for advance the mobile interface by a distance corresponding to one cell [43] . Thus, since on the sliding interface there are 720 cells, a time-step corresponding to 0.5 • revolution is adopted, according to Balduzzi et al. [44] . However, to save computation time a coarse time-step corresponding to 1 • is set for the first group (~one half) of the revolutions.
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Validation and Sensitivities
The validation of the overall computational model was already shown in [33] for the CFT tested by Maître et al. [34] in their hydrodynamic tunnel. The experimental turbine is geometrically similar to the turbine analysed in [33] and in the present study ( 
The validation of the overall computational model was already shown in [33] for the CFT tested by Maître et al. [34] in their hydrodynamic tunnel. The experimental turbine is geometrically similar to the turbine analysed in [33] and in the present study (solidity, hydrofoil shape and blade number are the same), yet it is scaled to a much smaller diameter (D = 0.175 m). The blade length (H) is 0.175 m, therefore the aspect ratio AR based on the diameter (AR = H/D) is 1. The computational domain reproduces the cross section of the tunnel, yet extra-lengths are added in upstream to accomplish the occurrence of a realistic non-uniform velocity profile before the turbine, and in downstream to allow the complete development of the wake in order to avoid numerical problems on the outlet boundary (in agreement with the observation by Ferreira et al. [45] ). Setting the water speed at 2.8 m/s, the power coefficient (C P ) defined as:
has been predicted by means of both 2D and 3D CFD as a function of the TSR. The reader can find more details in [33] and realize that, despite the curve trend and the optimal TSR are matched, only the 3D CFD results are really close to the experimental data. However the C P overestimation exhibited by 2D CFD should not be considered an error of the model since important effects like as vertical blockage and tip losses cannot be taken into account. In particular, due to the low value of the chord-based aspect ratio (AR* = H/c = 5.47), significant tip losses are expected (a plausible value could be~30%, on the base of the recent study [46] ). For the present investigation the turbine (or turbine pair) is located at the centre of a square domain with edge of 60D. This choice is done according to the accurate sensitivity analysis on the effects of the domain dimensions documented in [33] , and is sufficient to avoid that inlet domain length or lateral boundary blockage lead to overestimate the C P due to a velocity magnitude increase in the flow approaching the turbine. Overall domain dimensions and boundary conditions are illustrated in Figure 4 .
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has been predicted by means of both 2D and 3D CFD as a function of the TSR. The reader can find more details in [33] and realize that, despite the curve trend and the optimal TSR are matched, only the 3D CFD results are really close to the experimental data. However the CP overestimation exhibited by 2D CFD should not be considered an error of the model since important effects like as vertical blockage and tip losses cannot be taken into account. In particular, due to the low value of the chord-based aspect ratio (AR* = H/c = 5.47), significant tip losses are expected (a plausible value could be ~30%, on the base of the recent study [46] ). For the present investigation the turbine (or turbine pair) is located at the centre of a square domain with edge of 60D. This choice is done according to the accurate sensitivity analysis on the effects of the domain dimensions documented in [33] , and is sufficient to avoid that inlet domain length or lateral boundary blockage lead to overestimate the CP due to a velocity magnitude increase in the flow approaching the turbine. Overall domain dimensions and boundary conditions are illustrated in Figure 4 . To evaluate how many revolutions must be simulated to achieve reliable results, a new preliminary analysis was necessary since the presence of the diffuser imply a remarkable slowdown of the result convergence. The reason is twofold, the first being due to the fact that at the beginning of the calculation (first time-step) the flow velocity is U∞ everywhere in the domain, including the diffuser throat where the turbine is placed, thus a huge number of time-steps is required before the flow field characteristic became physically correct (this only happens after the wake has left the domain output boundary). The second reason is due to the vortex shedding at the diffuser trailing edges that causes a pulsed pressure field downstream the turbine and consequently a "periodicity" in the power output. The former concerns both the diffusers, yet the latter is significant only for the symmetrical diffuser, especially in case of skewed flow, due to the great size of the vortices released by the diffuser. Figure 5 shows the convergence of results vs. the number of revolutions for a single bare turbine, and for a turbine pair equipped with the two type of diffusers. The graph ordinate indicate the averaged CP divided by averaged CP calculated on the final period (then the last value is 1 by definition). In Figure 5a the averaging period is two revolutions, whereas in Figure 5b it is 16 revolutions. To evaluate how many revolutions must be simulated to achieve reliable results, a new preliminary analysis was necessary since the presence of the diffuser imply a remarkable slowdown of the result convergence. The reason is twofold, the first being due to the fact that at the beginning of the calculation (first time-step) the flow velocity is U ∞ everywhere in the domain, including the diffuser throat where the turbine is placed, thus a huge number of time-steps is required before the flow field characteristic became physically correct (this only happens after the wake has left the domain output boundary). The second reason is due to the vortex shedding at the diffuser trailing edges that causes a pulsed pressure field downstream the turbine and consequently a "periodicity" in the power output. The former concerns both the diffusers, yet the latter is significant only for the symmetrical diffuser, especially in case of skewed flow, due to the great size of the vortices released by the diffuser. Figure 5 shows the convergence of results vs. the number of revolutions for a single bare turbine, and for The graphs also show a dashed line indicating the value 1.05, that corresponds to a convergence criteria threshold reputed fairly conservative (and assumed, for instance, by Almohammadi et al. in [47] ). On the base of these verifications, in the current study we simulate 100 rev. for bare turbines, 200 rev. in case of the hydrofoil shaped diffuser, and 240 rev. in case of the symmetrical diffuser. Moreover, a great attention is paid to individuate the averaging period that is more suitable to each of the cases, in order to avoid any oscillation of the CP results (that would inflict the comparison between different cases). According to this, the reader must remember that in the following the meaning of CP is "CP averaged on a proper number of revolutions".
Results and Discussion
This section begins with a discussion on the key role played by the flow attack angle in determining the energy conversion efficiency. Then the power coefficients are analysed for all the simulated case studies. Finally, three practical issues that must be considered to choose the diffuser geometry are discussed: the mitigation of torque ripple, the mitigation of the overall drag, and the wake characteristics if a multi-device arrangement is planned.
Free stream velocity and turbulence are 2.25 m/s and 5%. TSR is set to the optimal value, that is 1.7 for bare turbines [33] and, due to the flow acceleration inside the diffuser [26] , 1.9 for ducted turbines (as it resulted from a preliminary investigation, not reported here for brevity). The blade angular position (ϑ) and the yaw angle of the flow (φ) are defined in Figure 6 , together with an illustration of the upwind and downwind paths of the blade during one revolution. Irrespective of the (anticlockwise or clockwise) rotation sense the upwind path (0° ≤ ϑ ≤ 180°) starts with the blade chord parallel to the current, whereas the downwind path covers the range 180° ≤ ϑ ≤ 360°. The rotation verse of the turbine pair is set according to [30] . In case of yawed flow, the "first" and "second" turbines are the rotor that is first and second approached by the flow (in the figure, they correspond to the lower and to the upper rotors, respectively). The graphs also show a dashed line indicating the value 1.05, that corresponds to a convergence criteria threshold reputed fairly conservative (and assumed, for instance, by Almohammadi et al. in [47] ). On the base of these verifications, in the current study we simulate 100 rev. for bare turbines, 200 rev. in case of the hydrofoil shaped diffuser, and 240 rev. in case of the symmetrical diffuser. Moreover, a great attention is paid to individuate the averaging period that is more suitable to each of the cases, in order to avoid any oscillation of the C P results (that would inflict the comparison between different cases). According to this, the reader must remember that in the following the meaning of C P is "C P averaged on a proper number of revolutions".
Free stream velocity and turbulence are 2.25 m/s and 5%. TSR is set to the optimal value, that is 1.7 for bare turbines [33] and, due to the flow acceleration inside the diffuser [26] , 1.9 for ducted turbines (as it resulted from a preliminary investigation, not reported here for brevity). The blade angular position (ϑ) and the yaw angle of the flow (ϕ) are defined in Figure 6 , together with an illustration of the upwind and downwind paths of the blade during one revolution. Irrespective of the (anticlockwise or clockwise) rotation sense the upwind path (0 • ≤ ϑ ≤ 180 • ) starts with the blade chord parallel to the current, whereas the downwind path covers the range 180 • ≤ ϑ ≤ 360 • . The rotation verse of the turbine pair is set according to [30] . In case of yawed flow, the "first" and "second" turbines are the rotor that is first and second approached by the flow (in the figure, they correspond to the lower and to the upper rotors, respectively). illustration of the upwind and downwind paths of the blade during one revolution. Irrespective of the (anticlockwise or clockwise) rotation sense the upwind path (0° ≤ ϑ ≤ 180°) starts with the blade chord parallel to the current, whereas the downwind path covers the range 180° ≤ ϑ ≤ 360°. The rotation verse of the turbine pair is set according to [30] . In case of yawed flow, the "first" and "second" turbines are the rotor that is first and second approached by the flow (in the figure, they correspond to the lower and to the upper rotors, respectively). 
Importance of the Attack Angle
In CFTs most of the torque is generated upwind, since downwind the kinetic energy of the current is much lower due to upwind blade passage. The tangential force (F t ) that generates torque coincides with the tangential projection of the overall hydrodynamic force (sum of lift and drag) exerted by the fluid on the blade. Two parameters determine F t , they are the flow apparent velocity (W) and the attack angle (α).
As depicted in Figure 7 , W results from the vector composition of the absolute flow velocity (U) and the blade speed (V), whereas α is the angle between W and the chord. Since during one revolution the blade angular position changes, both α and W vary in a cyclic manner. W is maximum at ϑ = 0 • (where the U module is added to the V module), and is minimum at ϑ = 180 • (where U is subtracted from V). The highest values of α occur at~90 • and~270 • , and the lowest at~0 • and~180 • . The lift (F l ) and the drag (F d ) forces are responsible for the torque generated by the blade. However, F d , which always opposes the blade motion, is relatively much smaller than F l and thus it is here neglected for simplicity of treatment. F t is greatly influenced by the instantaneous value of the attack angle. Indeed, the lift force on a wing of unitary span is
and therefore:
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= sin ∝ . The above two relations are only valid in the pre-stall region, and for small values of α, for which sin(α) can be approximated whit α (in radians). Thus, a few degrees of increasing in α lead to a significant enhancing of the instantaneous torque. This would be helpful at the beginning and at the end of upwind, where α is very small not only because the blade chord is almost aligned to the free The above two relations are only valid in the pre-stall region, and for small values of α, for which sin(α) can be approximated whit α (in radians). Thus, a few degrees of increasing in α lead to a significant enhancing of the instantaneous torque. This would be helpful at the beginning and at the end of upwind, where α is very small not only because the blade chord is almost aligned to the free stream direction (x-axis), but also because the flow approaching the blade is x-directed only in the central part of upwind, while in early and late upwind it diverges laterally. This phenomenon (and the drag effects) justify why the blade of a single bare turbine starts to generate torque only at ϑ~30 • . Figure 7 gives a qualitative comparison of the velocity triangles and hydrodynamic forces when the blade is in early upwind (ϑ~40 • ) for three typical situations: a bare turbine, a turbine belonging to a closely spaced pair, a ducted turbine.
In the case of the turbine pair it can be observed that the presence of the upper turbine prevents the flow from diverging to the inner sides of the configuration, and therefore U results x-aligned, causing a significant increase of α and F t [33, 48] , yet, the best torque is expected to be achieved by adopting a diffuser with a convergent section, since the diffuser wall direct U in a way that implies an even more great increasing of α [27, 49] . One could object that the W vector is unfavourably shortened by any changing in the U direction that leads to a more favourable α. However, as can be seen looking at the velocity triangles of Figure 7 , the W reduction appears very smaller respect to the α increasing. The reader can verify this by means of the following example. Let's assuming ϑ = 30 • , TSR = 1.9, U ≈ U ∞ (in reality, U is significantly smaller than U ∞ since the turbine slows down the flow as an obstacle partially permeable to the flow would do). Reasonable U angles with respect to the x-axis could be: 
C P of the Turbine Pairs
A difficulty encountered by the designers of high performance diffusers is that the behaviour of an empty diffuser is completely different from that of a diffuser with a rotor working inside. Thus, numerical tools adopted to predict a new diffuser performance (CFD, or low order methods [29, 30] ) should also consider the turbine presence. Preliminary simulations of our diffusers (without turbines) predicted a slight flow separation in the final part of the inner walls for the hydrofoil shaped diffuser, and a massive separation for the symmetrical one leading to a 24% lower flow rate. Nevertheless, when turbines were inserted, neither the hydrofoil shaped nor the symmetrical diffuser showed any separation of the flow, as can be seen in Figure 8a , depicting details of the velocity map for the original diffuser. Scientists agree to attribute this trend to the effect of the high momentum jet establishing in the gap between the rotor and the duct wall when the turbine works [11, 22, 50, 51] . This jet energizes the boundary layer in the adverse pressure gradient flow through the diffuser, suppressing trailing edge separation and therefore enhancing the turbine performance through a mechanism similar to circumferential blowing [52] .
Another high momentum region occurs in the narrow aisle between the two rotors at both the sides of the central separation wall. For completeness, Figure 8b shows the turbulent kinetic energy map. Two high turbulence regions are visible, one being due to the vortices naturally shed by the blade at the beginning of downwind, the other being induced by the blunt head of the separation wall (see Figure 3b) . However, only the second perturbs the torque production, as will be clarified in the following. Figure 9 tries to justify the diffuser effect on the local flow speed (U) of the flow approaching the blade when its position varies during the revolution. At this purpose, the path-lines passing through the grid interface lines are shown for the bare turbine pair and for the ducted turbines. Despite only the symmetrical diffuser is treated, the following observations are valid in general. The path-lines set can roughly be considered the "stream tube" of the rotor pair. The stream tube's width at a sufficient distance upstream the rotors is indicative of the flow rate processed by the turbines. Strictly speaking, the width measurement must be taken at the tube "source" (i.e., where free stream conditions occur).
should Figure 8a , depicting details of the velocity map for the original diffuser. Scientists agree to attribute this trend to the effect of the high momentum jet establishing in the gap between the rotor and the duct wall when the turbine works [11, 22, 50, 51] . This jet energizes the boundary layer in the adverse pressure gradient flow through the diffuser, suppressing trailing edge separation and therefore enhancing the turbine performance through a mechanism similar to circumferential blowing [52] . Another high momentum region occurs in the narrow aisle between the two rotors at both the sides of the central separation wall. For completeness, Figure 8b shows the turbulent kinetic energy map. Two high turbulence regions are visible, one being due to the vortices naturally shed by the blade at the beginning of downwind, the other being induced by the blunt head of the separation wall (see Figure 3b) . However, only the second perturbs the torque production, as will be clarified in the following. Figure 9 tries to justify the diffuser effect on the local flow speed (U) of the flow approaching the blade when its position varies during the revolution. At this purpose, the path-lines passing through the grid interface lines are shown for the bare turbine pair and for the ducted turbines. Despite only the symmetrical diffuser is treated, the following observations are valid in general. The path-lines set By comparing the widths of the upstream part of the tubes of Figure 9a it is evident that ducted turbines are processing a much greater flow rate than bare turbines. Since the flow rate is constant along the stream tube for the continuity law, the local speed is inversely proportional to the stream tube cross-section. Thus, at the diffuser inlet, where the section appears very large, a flow speed even lower than in case of bare turbines is expected (in Figure 9a we indicated some relatively low speed By comparing the widths of the upstream part of the tubes of Figure 9a it is evident that ducted turbines are processing a much greater flow rate than bare turbines. Since the flow rate is constant along the stream tube for the continuity law, the local speed is inversely proportional to the stream tube cross-section. Thus, at the diffuser inlet, where the section appears very large, a flow speed even lower than in case of bare turbines is expected (in Figure 9a we indicated some relatively low speed zones with blue marks), and the same could happen after the diffuser exit. Focusing on the blade path, the highest U increasing respect to the bare turbines happens during downwind since local sections are equal (at ϑ = 180 • and 360 • ) or even slightly smaller of the stream tube sections of the bare turbines (we indicated relatively high speed zones with red marks). In upwind the (relative) accelerating effect of the diffuser is much less intense and only relegated to the early and late upwind where stream tube sections are just slightly larger than in case of bare turbines. At half upwind, since the blade distance from the rotor axis is the highest and therefore the stream tube section can be significantly larger, the flow speed can result similar, or even lower, than in case of bare turbines. The velocity magnitude maps of Figure 9d confirm the above interpretation. In conclusion, the beneficial U increasing due to the diffuser action is much more effective in downwind than in upwind. Considering that the widths of the upstream stream tubes are representative of the flow rate passing through the turbines, the following general features are noticeable:
(1) Taking into account the rotation direction of each turbine (shown in Figure 6 ) it is evident that the effect of the converging walls of the symmetrical diffuser occurs mainly during the final part of the blade upwind path. As demonstrated by the direction of the path-lines, this effect consists of an increase in the attack angle, whose consequences on lifting and torque have already been illustrated in Figure 7 . It happens for both the rotors if φ = 0°, only for the "second turbine" (that is the upper one) if φ > 0°. The relative extent of this favourable effect (i.e., in comparison to what happens in the original diffuser) is greater the greater the yaw angle is. (2) For φ = 0°, the stream tube of the symmetrical diffuser appears larger (a measurement done at the domain inlet boundary revealed +3.5% respect to the original diffuser) indicating a better flow concentration capability. (3) For the hydrofoil shaped diffuser the stream tube width slightly increases at φ = 15° but appears drastically narrowed at φ = 30°, while for the symmetrical diffuser the width continues surprisingly to grow up to φ = 30°.
In summary, a diffuser acts modifying α and U. It is worth noting that the effect marked with Considering that the widths of the upstream stream tubes are representative of the flow rate passing through the turbines, the following general features are noticeable:
(1) Taking into account the rotation direction of each turbine (shown in Figure 6 ) it is evident that the effect of the converging walls of the symmetrical diffuser occurs mainly during the final part of the blade upwind path. As demonstrated by the direction of the path-lines, this effect consists of an increase in the attack angle, whose consequences on lifting and torque have already been illustrated in In summary, a diffuser acts modifying α and U. It is worth noting that the effect marked with Equation (1) only concerns the fluid dynamics internal to the diffuser, whereas effects marked with Equations (2) and (3) need to be justified by accounting for the viscous phenomena occurring in the external flow, as will be better explained later in the section.
Despite the fact that for all the cases that have been investigated, the C P was higher the higher the stream tube width was measured, the diffuser accelerating capability alone cannot justify the formidable power output improving that have been calculated with CFD, especially for yawed flows. As shown by Castelli et al. [53] an effective way to asses and justify the energy performance of a straight-bladed CFT is to graphically represent the evolution of both the rotor torque (or C P (ϑ)) and blade angle of attack. Then, to deeply understand how the diffuser presence affects the key mechanisms that determine torque generation we analyse the polar diagrams of U x (ϑ) and α(ϑ), and then the one-blade C P (ϑ) predicted during one revolution, shown in Figure 11 for ϕ = 0 • .
It must be specified that α(ϑ) is determined from the x and y-components of the flow absolute velocity, U x (ϑ) and U y (ϑ), that are recorded along the blade path in a point moving simultaneously with the blade, and set at a proper distance ahead [33] . The best distance rises from a compromise, as the flow velocity is perturbed by both the bound circulation around the blade and by its wake. It was set at 1.5c on the base of a preliminary CFD investigation.
The graph of normalised U (i.e., U/U ∞ ) confirms the aforementioned flow speed increasing in early and late upwind, and during the entire downwind, for both the diffusers in comparison to the single bare turbine. It is worthy of note that a U improving already occurs in the bare paired configuration in early upwind and late downwind [33, 48] .
The attack angle (Figure 11b ) is high in the early upwind region for all the paired configurations, including the bare turbines [33, 48] , yet the diffusers also allow high α in the late upwind zone, especially in case of the symmetrical one (as already observed comparing the path-lines inclination in Figure 10a,d) . It can be noticed that the diffusers also produce α augmentation (in absolute value) in downwind, however this is a consequence of the U increasing that modifies the velocity triangle.
The features of the one-blade C P graph (Figure 11c ) follow those of the α graph: with both diffusers the torque generation begins earlier and lasts longer in upwind, and is significantly improved during the whole downwind. The detail that only appears in the C P graph, and therefore cannot be related to α or U, is a performance drop that occurs in the final 25 • of downwind due to the high turbulence level generated by vortices released by the central wall (visible in Figure 8b ). With respect to the single bare turbine, the average C P enhancing results of 30.9% for the bare paired rotors, and 63.7% and 70.3% for the hydrofoil shaped and the symmetrical diffusers, respectively.
Before analysing the polar graphs of yawed flow cases, it is useful to have a look at the characteristics of the flow field, focusing on the behaviour of the flow external to diffusers. Path-lines and static pressure maps are depicted in Figure 12 for the symmetrical and in Figure 13 A vortex formation like the Karman vortex street is seen downstream the trailing edges of the symmetrical diffuser at ϕ = 0 • . As the yaw angle increases, the vortex shedding becomes asymmetric: it almost expires at the upstream side of the diffuser, and conversely becomes stronger and stronger at the downstream side, entailing a very low pressure zone behind the diffuser. The vortex shedding from the original diffuser is much less important, being significant only for ϕ = 15 • and 30 • , yet the low pressure zones behind the diffuser are less extended and modest in absolute values. In our opinion, these differences in the external fluid dynamics could explain the different flow acceleration attitudes, and therefore flow rate passing through turbines, exhibited by the two diffusers. The literature on ducted turbines gives evidence of how viscous interactions between internal and external flows can be advantageously exploited to achieve a remarkable increasing of the flow concentration capability in diffusers equipped with deflectors [26] or flanges [54, 55] at the exit periphery. The mechanism of flow acceleration was explained as follows [55] : a large vortex is generated behind a flange and the backpressure of the diffuser becomes lower than that of a diffuser without a flange. Therefore, the mass flow drawn into the diffuser increases and the flow speed through the turbine becomes high. Although we don't have a flange, strong vortices at the diffuser sides occur thanks to the concave external shape of the symmetrical diffuser. These vortices boost the suction in the turbine wakes, as suggested by the rear stagnation points of the diffuser (i.e., where internal and external flows meet) that are moved forward, farther from the diffuser axis, as if virtually the aspect ratio of diffuser was enlarged. This can be realized comparing the rear stagnation point positions of Figure 12a ,b.
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About α, it is considerably smaller during late upwind for the second turbine of the original diffuser, and this deficiency is higher the higher the yaw angle is. This is because the original diffuser is not equipped with a converging wall capable of holding back the flow from the exit towards the device side and orient it to the rotor with a favourable entry angle. As a result, C P are similar at ϕ = 15 • , yet very different at ϕ = 22.5 • .
The arguments presented so far are useful to understand the results summarised in Figure 15 , which shows the performance of each rotor of the pair in terms of diffuser efficiency (C P normalised by the bare turbine C P ). It is seen that, at any yaw angle, the symmetrical diffuser has a performance higher than that of the original diffuser. In case of symmetrical diffuser, the performance of the second rotor overcomes that of the first rotor, and C P grows up to ϕ = 30 • (exhibiting a drastic drop at ϕ = 37.5 • ). Whereas, for the hydrofoil shaped diffuser, the first rotor works better than the second, and C P improves up to ϕ = 15 • , then it starts to drop. It is interesting to notice that the enhancing of the diffuser performance with ϕ was never found in case of ducted horizontal axis turbines, which at least exhibit a constant C P (or just a small drop) until a certain ϕ. (e) (f) 5° (b,d,f) . Relative C P (i.e., C P normalized by the C P of the bare turbine) of the turbine pair for the hydrofoil shaped and the bi-directional symmetrical diffusers.
C P of the Equivalent Turbine
It must be specified that, due to the larger size (D* = 2.15D) and therefore larger Reynolds number, the bare equivalent turbine gives a better C P by 8.0%. The effects of the diffuser geometry at different yaw angles have been investigated. This analysis is limited to symmetrical diffusers, since they are bi-directional and furthermore the symmetrical diffuser (named diffuser A in the following) that has been simulated for the double-rotor configuration provided better C P at any yaw angle. The diffuser efficiencies calculated for A (Figure 16 ) are similar in values and trend to those that have been found for the ducted paired configuration. Then we can conclude that the power output increasing with the yaw angle is a general characteristic of ducted CFTs, regardless of the (single or double-rotor) configuration. As mentioned, B and C have the same aspect ratio (exit section/throat section) of A, therefore in absence of viscous effects they should all accelerate the flow in the same manner. Yet, the features of the diffuser external shape entail different vortex structures and then backpressures in the rotor wakes. However it is difficult to distinguish the contribution of U x and α (i.e., of the external and internal fluid dynamics) on C P values resumed in Figure 16 . 
CP of the Equivalent Turbine
It must be specified that, due to the larger size (D* = 2.15D) and therefore larger Reynolds number, the bare equivalent turbine gives a better CP by 8.0%. The effects of the diffuser geometry at different yaw angles have been investigated. This analysis is limited to symmetrical diffusers, since they are bi-directional and furthermore the symmetrical diffuser (named diffuser A in the following) that has been simulated for the double-rotor configuration provided better CP at any yaw angle. The diffuser efficiencies calculated for A (Figure 16 ) are similar in values and trend to those that have been found for the ducted paired configuration. Then we can conclude that the power output increasing with the yaw angle is a general characteristic of ducted CFTs, regardless of the (single or double-rotor) configuration. As mentioned, B and C have the same aspect ratio (exit section / throat section) of A, therefore in absence of viscous effects they should all accelerate the flow in the same manner. Yet, the features of the diffuser external shape entail different vortex structures and then backpressures in the rotor wakes. However it is difficult to distinguish the contribution of Ux and α (i.e., of the external and internal fluid dynamics) on CP values resumed in Figure 16 . It is intuitive that A is able to direct the flow towards the blade with a better angle than B and C during early and late upwind, and this effect should work at any yaw angle (the reader can recognize it in Figure 17c for φ = 0°). However, the better CP at 22.5° followed by a remarkable drop at 30° shown by B and C in comparison to A, suggests that in those cases the main role is played by viscous effects, as it is argued comparing Ux of the three diffusers at φ = 22.5° (Figure 16 ). In conclusion, considering only CP the best diffuser would seem A, yet practical issues need to be counted for. It is intuitive that A is able to direct the flow towards the blade with a better angle than B and C during early and late upwind, and this effect should work at any yaw angle (the reader can recognize it in Figure 17c for ϕ = 0 • ). However, the better C P at 22.5 • followed by a remarkable drop at 30 • shown by B and C in comparison to A, suggests that in those cases the main role is played by viscous effects, as it is argued comparing U x of the three diffusers at ϕ = 22.5 • (Figure 16 ). In conclusion, considering only C P the best diffuser would seem A, yet practical issues need to be counted for. 
Torque Ripple
The periodic fluctuation of torque and power is a characteristic of any CFT that should be mitigated as much as possible. To quantify the fluctuation a parameter is used, named Torque Ripple Factor (TRF), defined as:
where T, Tmax and Tmin are the average, the lowest and the highest instantaneous torque in the period. For bare turbines the period is one revolution, yet for ducted turbines the vortex shedding can entail much longer periods (of the order of 10 revolutions). When this happens (in our study, only with symmetrical diffusers) it is useful to distinguish the contributions of turbine and diffuser to the overall TRF. We calculated the former on two consecutive pick and trough, and the latter as the remaining part of the overall TRF. The TRF of ducted pairs is shown in Figure 18 for the original and the symmetrical diffusers. Results indicate that the symmetrical diffuser, despite the contribution of 
where T, T max and T min are the average, the lowest and the highest instantaneous torque in the period. For bare turbines the period is one revolution, yet for ducted turbines the vortex shedding can entail much longer periods (of the order of 10 revolutions). When this happens (in our study, only with symmetrical diffusers) it is useful to distinguish the contributions of turbine and diffuser to the overall TRF. We calculated the former on two consecutive pick and trough, and the latter as the remaining part of the overall TRF. The TRF of ducted pairs is shown in Figure 18 for the original and the symmetrical diffusers. Results indicate that the symmetrical diffuser, despite the contribution of the diffuser to the ripple, implies lower (with the exception of ϕ = 0 • ) and almost constant TRF when yaw angle changes. However, since the denominator of TRF grows with ϕ, also absolute fluctuations rise (with very high values at ϕ = 22.5 • and 30 • ).
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Thus, any modification to the diffuser shape reducing both absolute and relative fluctuations would be useful. At this purpose we now compare the torque ripple behaviour of symmetrical diffusers A, B and C ( Figure 19 ). It is seen that A leads to much higher TRF than B and C, and that B results the best shape, since it is able to maintain TRF al low values until φ ≤ 22.5°, as shown in Figure  20 , which allows to compare the power fluctuation behaviour of the A and B diffusers for yaw angles of 0° and 22.5°. Thus, any modification to the diffuser shape reducing both absolute and relative fluctuations would be useful. At this purpose we now compare the torque ripple behaviour of symmetrical diffusers A, B and C ( Figure 19 ). It is seen that A leads to much higher TRF than B and C, and that B results the best shape, since it is able to maintain TRF al low values until ϕ ≤ 22. Thus, any modification to the diffuser shape reducing both absolute and relative fluctuations would be useful. At this purpose we now compare the torque ripple behaviour of symmetrical diffusers A, B and C ( Figure 19 ). It is seen that A leads to much higher TRF than B and C, and that B results the best shape, since it is able to maintain TRF al low values until φ ≤ 22.5°, as shown in Figure  20 , which allows to compare the power fluctuation behaviour of the A and B diffusers for yaw angles of 0° and 22.5°. In one revolution six peaks occur in the C P curve, this is because the blades are three and each one produces torque in upwind and downwind. One-blade C P of each blade are also reported (dashed lines). C P at a certain ϑ is the sum of the three one-blade values. In general, to suppress TRF it is desirable to level peaks and troughs, bringing them closer to the average torque. The main reasons for the drastic TRF reduction exhibited by B is a great rising of troughs and, only in case of ϕ = 0 • , a reduction of peaks. Figure 21c ,f reveal why the "smoothing out" of the turbine C P curve can occur. The straight throat inserted in B causes a reduction of α in early and late upwind and an U x increasing in downwind (due to the cross section narrowing). As a consequence, at φ = 0° less torque is generated in early and late upwind (leading to a reduction of peaks) and more torque is generated at half downwind (leading to an increasing of troughs). However, the huge rising of troughs found at φ = 22.5° is also due to a much higher flow rate of B respect to A (noticeable in Figure 17b) , that improves the one-blade torque at ϑ = 120° and 290°.
Drag on the Diffuser
Diffusers add costs since they imply more materials and heavy support structures to take the loads expected in storm conditions. Despite part of the overall drag (or thrust) on the diffuser is correlated to its flow accelerating capability and to the turbine presence, and therefore cannot be cut, the necessity of reducing the device cross section as much as possible in yawed flow conditions should lead to a preference for short geometries. Figure 22 shows that the overall drag (i.e., force in the flow direction) on the original and symmetrical diffusers seriously rises when yaw ≥ 15°. Moreover, the symmetrical diffuser, due to its almost double length, entails higher drag at any yaw angle (except for 15°). Figure 23 allows to compare the drag on bi-directional diffusers A, B and C. It is interesting to observe that the drag is very similar for all the diffusers and it doesn't grow until φ = 15°, while at φ = 22.5° and 30° a huge increase is found for the longer diffusers (B and C). As a consequence, at ϕ = 0 • less torque is generated in early and late upwind (leading to a reduction of peaks) and more torque is generated at half downwind (leading to an increasing of troughs). However, the huge rising of troughs found at ϕ = 22.5 • is also due to a much higher flow rate of B respect to A (noticeable in Figure 17b) , that improves the one-blade torque at ϑ = 120 • and 290 • .
Diffusers add costs since they imply more materials and heavy support structures to take the loads expected in storm conditions. Despite part of the overall drag (or thrust) on the diffuser is correlated to its flow accelerating capability and to the turbine presence, and therefore cannot be cut, the necessity of reducing the device cross section as much as possible in yawed flow conditions should lead to a preference for short geometries. Figure 22 shows that the overall drag (i.e., force in the flow direction) on the original and symmetrical diffusers seriously rises when yaw ≥ 15 • . Moreover, the symmetrical diffuser, due to its almost double length, entails higher drag at any yaw angle (except for 15 • ). Figure 23 allows to compare the drag on bi-directional diffusers A, B and C. It is interesting to All the results (CP, TRF and drag) are summarised in Table 1 for double-rotor and in Table 2 for single rotor configurations. All the results (CP, TRF and drag) are summarised in Table 1 for double-rotor and in Table 2 for single rotor configurations. All the results (C P , TRF and drag) are summarised in Table 1 for double-rotor and in Table 2 for single rotor configurations. 
Wakes
There are no studies on wake recovery of ducted CFTs. Cresswell [22] founded very poor wake recovery in the case of ducted horizontal axis turbines, with the wake velocity being less than half that of the bare rotor at 4.5D downstream. Therefore he observed that diffuser augmented turbines seem to be less suited to array deployment than bare rotors, unless measures are taken to promote wake mixing. In comparison to bare rotors, ducted CFTs imply much larger wakes, characterised by high turbulence levels, as shown by the velocity and turbulent kinetic energy maps of Figures 24 and 25 , calculated at ϕ = 15 • . Especially in case of symmetrical diffusers, since they behave like a blunt body, the diffuser gives the main contribution to the turbulence. Thus, in optimizing the layout of a farm, cross and streamwise extra spacing could be required to prevent the turbines from being swept from the wakes of the lateral or upstream devices. However, 2D CFD could not be reliable in predicting the wake evolution in streamwise direction. In fact, 2D CFD overvalues wake length of bare CFTs, since it doesn't account for 3D mechanisms responsible for wake recovery, first of all the vertical advection induced by tip vortices [42] , yet, large tip vortices are not possible for ducted CFTs due to small gaps between blade tip and diffuser walls, so this critical issue remains open. 
There are no studies on wake recovery of ducted CFTs. Cresswell [22] founded very poor wake recovery in the case of ducted horizontal axis turbines, with the wake velocity being less than half that of the bare rotor at 4.5D downstream. Therefore he observed that diffuser augmented turbines seem to be less suited to array deployment than bare rotors, unless measures are taken to promote wake mixing. In comparison to bare rotors, ducted CFTs imply much larger wakes, characterised by high turbulence levels, as shown by the velocity and turbulent kinetic energy maps of Figures 24 and  25 , calculated at φ = 15°. Especially in case of symmetrical diffusers, since they behave like a blunt body, the diffuser gives the main contribution to the turbulence. Thus, in optimizing the layout of a farm, cross and streamwise extra spacing could be required to prevent the turbines from being swept from the wakes of the lateral or upstream devices. However, 2D CFD could not be reliable in predicting the wake evolution in streamwise direction. In fact, 2D CFD overvalues wake length of bare CFTs, since it doesn't account for 3D mechanisms responsible for wake recovery, first of all the vertical advection induced by tip vortices [42] , yet, large tip vortices are not possible for ducted CFTs due to small gaps between blade tip and diffuser walls, so this critical issue remains open. 
Conclusions
The study examines the behaviour of ducted cross flow tidal turbines when the yaw angle varies. Initially, we considered a double-rotor configuration with two diffuser shapes: the HARVEST hydrofoil shaped diffuser and a symmetrical diffuser obtained through a specular copy of the divergent section. The intrinsic advantage of the symmetrical diffuser is to be bi-directional, i.e. able to exploit ebb and flow tides with the same efficiency. Thereafter, we extended the investigation on the diffuser geometry effects to other two symmetrical geometries.
From a methodological point of view, this study shows that an effective way to understand the effects of the diffuser shape on power output is to graphically represent the azimuthal distribution of blade attack angle and flow x-velocity at the blade position, together with the instantaneous oneblade CP. Indeed, α is influenced by the diffuser internal shape, and Ux is determined by the accelerating capability of the diffuser. Our comparative analysis predicts slightly better CP for the symmetrical diffuser, due to the walls of the convergent section that address the flow towards the blade with a larger attack angle during early and late upwind and to the viscous interactions between the turbine wakes and the strong vortices shed by the diffuser. A CP great improvement results when yaw increased up to 22.5° for the hydrofoil shaped and up to 30° for the symmetrical diffuser. Similar behaviour in yawed flow conditions also occurs in case of a ducted single rotor, demonstrating that it is a characteristic of CFTs that could make them advantageous compared to ducted horizontal axis turbines.
Diffusers imply extra-costs and practical disadvantages. Torque fluctuations can increase significantly if large vortices occur at the sides or behind the device. This happens in case of concave external shapes or in case of large yaw angles, for which the device behaves like a blunt body. Therefore, a diffuser geometry should be optimised in order to contain this problem as much as possible. The insertion of a straight throat in the symmetrical diffuser successfully mitigated torque ripple, however the attack angle reduction in early and late upwind generated a CP loss. We also quantified the overall drag on diffusers. The extra-length of the last two diffusers increased drag only for yaws ≥ 22.5°. Finally, we displayed that wakes are hugely larger than in case of bare turbines, and characterised by high turbulence levels mainly caused by the diffuser vortex shedding. Although 2D 
The study examines the behaviour of ducted cross flow tidal turbines when the yaw angle varies. Initially, we considered a double-rotor configuration with two diffuser shapes: the HARVEST hydrofoil shaped diffuser and a symmetrical diffuser obtained through a specular copy of the divergent section. The intrinsic advantage of the symmetrical diffuser is to be bi-directional, i.e., able to exploit ebb and flow tides with the same efficiency. Thereafter, we extended the investigation on the diffuser geometry effects to other two symmetrical geometries.
From a methodological point of view, this study shows that an effective way to understand the effects of the diffuser shape on power output is to graphically represent the azimuthal distribution of blade attack angle and flow x-velocity at the blade position, together with the instantaneous one-blade C P . Indeed, α is influenced by the diffuser internal shape, and U x is determined by the accelerating capability of the diffuser. Our comparative analysis predicts slightly better C P for the symmetrical diffuser, due to the walls of the convergent section that address the flow towards the blade with a larger attack angle during early and late upwind and to the viscous interactions between the turbine wakes and the strong vortices shed by the diffuser. A C P great improvement results when yaw increased up to 22.5 • for the hydrofoil shaped and up to 30 • for the symmetrical diffuser. Similar behaviour in yawed flow conditions also occurs in case of a ducted single rotor, demonstrating that it is a characteristic of CFTs that could make them advantageous compared to ducted horizontal axis turbines.
Diffusers imply extra-costs and practical disadvantages. Torque fluctuations can increase significantly if large vortices occur at the sides or behind the device. This happens in case of concave external shapes or in case of large yaw angles, for which the device behaves like a blunt body. Therefore, a diffuser geometry should be optimised in order to contain this problem as much as possible. The insertion of a straight throat in the symmetrical diffuser successfully mitigated torque ripple, however the attack angle reduction in early and late upwind generated a C P loss. We also quantified the overall drag on diffusers. The extra-length of the last two diffusers increased drag only for yaws ≥ 22.5 • . Finally, we displayed that wakes are hugely larger than in case of bare turbines, and characterised by high turbulence levels mainly caused by the diffuser vortex shedding. Although 2D simulations are not suitable to investigate wake recovery mechanisms, our results indicate the need to increase the spacing between the devices in planning the layout of a multi-device arrangement.
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